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Abstract
Jeon, Hyung Min. Ph.D., Department of Electrical Engineering, Wright State University,
2019. Multifunctional Oxide Heterostructures For Next-Generation Tunable
RF/Microwave Electronics
Recent advanced radio frequency (RF) microwave device demands for low power
consumption, light weight, compact package, and high performance.

To achieve the high

performance, applying magnetic materials is becoming indispensable in many of those devices.
Thus, the role of magnetism in those devices is important high-quality magnetic materials not only
improves the performance of microwave devices but also opens opportunities in developing novel
concepts of devices utilizing spin wave excitation, non-reciprocal wave propagation, and the
electromagnetic coupling in multiferroic materials. Among all the others, manipulating magnetic
properties in multiferroic material started a couple years ago. Multiferroic materials are a group of
materials that exhibit both ferrimagnetic and ferroelectric properties. By controlling its magnetic
property such as ferromagnetic resonance, the low loss and tunable RF/Microwave electronics can
be generated. However, the multiferroics currently under investigation suffer severely from the
weak magnetoelastic effect in part due to the poor crystallinity, and in part due to the inappropriate
materials chosen. Thus, the fabrication of high-quality ferrite and discovery of the suitable ferrite
are paramount to apply in multiferroic material. In this research, we report a high-quality Yttrium
Iron Garnet thin film and an unique Aluminum alloyed Nickel Zink Ferrite thin film. The former
exhibits an extremely low magnetic damping factor, and the later show a larger magnetostriction
coefficient. The microstructures of these films were characterized using X-ray diffraction, Atomic
force microscopy, and transmission electron microscope. and - the magnetic properties -were
characterized by Ferromagnetic Resonance. Additionally, we have observed the inverse spin-hall
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effect between magnetic and metal layer and demonstrated non-reciprocal wave propagation in a
20nm thin YIG film.
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CHPATER 1
Introduction and Motivation
1.1 Introduction

Recently, advanced radio frequency (RF) microwave device demand low consumed
power, light, compact, and high performance. Especially, a frequency agile or
reconfigurable system is required towards next-generation devices. In order to achieve the
tunable RF component with low insertion loss, reduced sized, and better power efficiency,
new technologies need to be developed. Multifunctional oxide heterostructure (multiferroic
material) is able to manipulate the magnetization dynamic by voltage control (power
efficiency) using magnetoelectric (ME) effect. Multiferroic material makes possible a
whole new generation of devices. However, conventional multiferroic materials suffer
from poor ME coupling from a lack of crystallinity and unsuitable material. Discovery of
high quality and suitable materials will improve the ME coupling enabling high
performance of tunable RF/Microwave electronics based on multiferroic material.

1.2 Motivation

Modern technologies have been developed for achieving a tunability instead of
fixed frequency system, but they are limited by their large loss and poor tunability due to
a lack of crystallite [3]. Magnetically tuned yttrium iron garnet (YIG) bandpass filters offer
high quality factor and large frequency tunable range. However, these components are
bulky, slow, noisy, and large power consumption due to the use of external electromagnets.
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RF MEMS-based filters are also good candidates for achieving frequency shifts in tunable
bandpass filters, but they are limited by their power handling capability and relatively slow
tuning speed. Thus, new technologies for tunable RF devices need to be developed to meet
the needs of modern radar and RF communication systems. Multiferroic materials are a
group of materials that exhibit both ferromagnetic and ferroelectric properties. The
interaction of a coupling between ferromagnetic and ferroelectric material creates new
effects called magnetoelectric (ME) effect. The magnetoelectric (ME) effect can be
realized in these multiferroic materials, which is described as the variation of dielectric
polarization under an applied magnetic field, or, and more in the scope of this work: the
presence of an induced change in magnet polarization under an external electric field [1].
This ME effect enables effective energy conversion between electric and magnetic fields,
leading to magnetic field control of electric polarization (direct magnetoelectric coupling)
or electric field (voltage) control of magnet polarization direction (converse
magnetoelectric effect). This makes possible a whole new generation of devices based on
the control of magnetic properties with electrostatic potentials. Bilayer multiferroic
magnetoelectric (ME) heterostructures (Figure 1.1) provide the most promising means
towards electrostatic manipulation of µ through strong strain-mediated coupling between
ferroelectrics (FEs) and ferromagnets (FMs) [2][3] However, conventional state-of-the-art
ME-based microwave devices suffer from a limited tunable frequency range (due to
substrate clamping effects) [4][5], large microwave losses (due to poor crystallinity) [6],
and the need to maintain a constant applied electric field during operation [7]. Most of
these problems could be solved if epitaxial, high crystallinity ferrites were incorporated
directly on top of high piezoelectric constant single crystal substrate. This would ensure
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efficient strain-induced coupling throughout the multiferroic stack [8][7][2], alleviate
prohibitive substrate clamping effects (to potentially enhance the voltage-induced
magnetization, thus enlarge the ferromagnetic resonance tuning range), minimize
microwave losses [8][7][2], and introduce a novel ferroelastic switching mechanism for
energy-efficient non-volatile memory devices [9].

Figure 1.1. The scheme of magnetoelectric (ME) effect. The combination of two material
properties creates new ME effect. This unique control of magnetic properties with
applied electrostatic fields is the foundation of tunable RF/microwave components MEbased. In order to increase ME effect, two layers should maintain with high crystallinity.

1.2.1 Background of Magnetoelectric Microwave Devices

Several passive electrostatically-tunable RF/microwave devices based on ME multiferroic
heterostructure have been demonstrated, including tunable resonators [10], phase shifter
[4], and tunable filters [5][11]. These devices are voltage-controllable, high-speed,
compact, and much more energy efficient when compared to their state-of-the-art
3

counterparts. However, and as discussed below, several factors still prohibit their
introduction into real-world applications. Overall, there are two general approaches being
taken to try to optimize the properties for ME composites for RF/microwave components.
The first one introduces epoxy gluing high-quality epitaxial YIG to a ferroelectric single
crystal in figure 1.2 [5]. A magnetoelectrically-tunable multiferroic microwave bandpass
filter based on YIG/GGG (111) (Gadolinium Gallium Garnet) epoxy-glued to Lead
Zirconate Titanate (PZT) is provided low insertion losses due to narrow ferromagnetic
resonance (FMR) linewidths (<10 Oe). However, due to the poor interface and clamping
effects associated with underlayer (regardless of polishing down the substrate thin) the
ultimate RF/microwave device exhibits extremely small tunable ranges.

Figure 1.2. Example of an epitaxial-ferrite-based ME microwave bandpass filter (left).
Since the epitaxial ferrite/substrate stack to ferroelectric PZT by bonding them, it leads to
poor ME-coupling due to clamping effects of the GGG substrate, and thus, limited
frequency filter tunability [5].
The second approach involves the direct deposition on polycrystalline ferrite or metallic
magnetic materials directly on top the piezoelectric material in figure 1.3. The deposition
of magnetic material on piezoelectric material leads to increase significantly ME coupling
than epoxy-glue method due to avoid the clamping effect from the substrate. However, the
4

quality of the magnetic material deposited cannot approach to high crystallinity due to the
large lattice mismatch between magnetic and ferroelectric material. The polycrystalline
magnetic material leads to high insertion loss due to the broad linewidth (~400Oe) of
ferromagnetic resonance [6].

Figure 1.3. Large tunability due to no clamping effect from the substrate. However, the
broad linewidth of ferromagnetic resonance due to a lack of crystallinity of the magnetic
layer deposited directly [6].
In addition, recently amorphous-FeGaB metallic magnetic films deposited by magnetron
sputtering at room temperature on [011]-oriented PZN-PT substrates with coexistence
narrow FMR linewidth and large tunability has been demonstrated [9]. The amorphousFeGaB metallic magnetic layer on PZN-PT exhibits dramatically large electrostatically
tunable FMR ranges up to 13.1 GHz, while maintaining relatively small FMR linewidth
(~60Oe) in figure 1.4. However, amorphous-FeGaB has a critical disadvantage due to Eddy
current (large insertion loss) from the conductivity [9]. Thus, a new route must be
developed to overcome clamping effect, lack of crystallinity, broad FMR, low tunability,
and Eddy current.
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Figure 1.4. The tunability of FMR frequency by different magnetic field (left). FMR shift
under bias voltage (0 to 6kv/cm) right [9]. However, conductive FeGaB creates large
insertion loss due to Eddy current.
1.2.2 Summary

As I have mentioned previously, magnetic material has been important role in
traditional and future microwave device. Manipulation of magnetization dynamic become
interesting phenomenon to develop advanced technology. Multifunctional Oxide
Heterostructure (Multiferroic) will lead to next generation RF/Microwave Electronics.
However, previous and current multiferroic structure suffers from limited tunability (small
magnetostriction), poor crystallinity (insufficient FMR linewidth), and Eddy current
(conductive magnetic material). Thus, this research project focuses on enhance the quality
of magnetic materials (non-conductive materials) which are Yttrium iron garnet and
develop new suitable material (Aluminum alloyed NiZn spinel ferrite) for multiferroic
composite. First is to develop high-quality Yttrium iron garnet (YIG) ferrite which has a
narrow FMR linewidth for enhanced magnetic property and demonstrate the high-quality
properties for next generation applications such as spintronic and non-reciprocal devices.
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The second is to deposit as high-quality aluminum alloyed NiZn ferrite which has
interesting features such as low Gilbert damping, large magnetostriction, perpendicular
anisotropy, and spin pumping with low external field. Unlike YIG, aluminum alloyed NiZn
ferrite demands lower external magnetic field to generate spin pumping and FMR and it is
supportive to develop for energy efficiency devices. Moreover, most spinel ferrite has
larger FMR linewidth than garnet, so it is impertinent for microwave component due to the
increase insertion loss [8][7][2]. However, this unique spinel ferrite has narrow FMR
linewidth and large magnetostriction. These features would be suitable material to enhance
ME coupling for Multiferroic composite [12][13]. Additionally, spin pumping and
perpendicular anisotropy of aluminum alloyed NiZn ferrite are demonstrated.

1.3 Dissertation organization

Chapter 1 includes introduction and motivation of this research. In chapter 2, I
describe the deposition systems and sample characterizations. Using Pulsed Laser
Deposition (PLD), Yttrium Iron Garnet and NiZnAl-ferrite films were grown with various
growth conditions. All samples are characterized by x-ray diffraction (XRD), atomic force
microscopy (AFM), transmission electron microscopy (TEM), and ferromagnetic
resonance (FMR).

Chapter 3 shows the results of growing high-quality single crystal Yttrium Iron
Garnet layers on Gallium Gadolinium Garnet (111) substrates. YIG/GGG samples are
investigated the properties with various characterizations such as X-ray diffraction (XRD),
Ferromagnetic Resonance (FMR), Atomic Force Microscopy (AFM), Transmission
Electron Microscope (TEM). In microstructural properties, the films have been achieved
7

smooth surface (<1.6 Å in root mean square) and no misfit growth from TEM.
Pseudomorphic growth is demonstrated in high resolution reciprocal lattice map.
Eventually, I attained exceptionally narrow linewidths α ∼ 10−4 and Hpp,0 ∼ 1 Oe in FMR
measurement.

In chapter 4, Generally, spinel ferrite has not been selected for microwave device
application because traditional spinel ferrite has broad FMR. However, unusual aluminum
alloyed NiZn-ferrite has unique properties which are narrow FMR (< 3  10-3) and large
magnetostriction. These features are suitable new material for multiferroic composite. The
key point is FMR shift under in-plane strain. NiZnAl-ferrite on MgAl2O4 (001) shows 8
mT FMR resonance shift under 264 ppm strain. In addition, beyond in-plane magnetic
properties in NiZnAl-ferrite on MgAl2O4, I study perpendicular anisotropy of NiZnAlferrite on MgGa2O4 and comparison with structure and magnetic properties NiZnAl-ferrite
on MgGa2O4 versus NiZnAl-ferrite on MgAl2O4. FMR experiment NiZnAl-ferrite on
MgAl2O4 shows a distinct change in the magnetic field direction from in-plane to out-ofplane when the coherent strain in films changes from ~ 2% compressive on (001) MgAl2O4
to ~ 0.5% tensile strain on (001) MgGa2O4 substrates. Under ~ 0.5% tensile strain, the
Gilbert damping parameter of NiZnAl-ferrite shows 5  10-3.

In chapter 5, I introduce a short brief for inverse spin hall effect using our high
quality YIG and NiZnAl-ferrite. In addition, non-reciprocal magneto-static surface wave
(MSSW) propagation effect has been observed for the 1st time on ultra-thin (less than 20
nm) YIG layers. I discuss the non-reciprocity theory in magnetic material using Demon
and Eshbach approach and support the theory by providing the experiment results such as
8

the difference of magnitude and phase from two propagations using two port network and
Vector Network Analyzer (VNA). The results are obtained 0.19 dB magnitude difference
at 1.33 GHz and ~1.08° at 1.10 GHz on 20 nm YIG films. In 190 nm YIG, non-reciprocity
is enhanced significant, it shows 10 dB magnitude difference and -55.5° phase shift.
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CHAPTER 2
Experimental Procedures
2.1 Film growth

2.1.1 Pulsed Laser Deposition

In order to grow high-quality single phase and single crystal ferrite materials,
Pulsed-laser deposition (PLD) technique is chose. Pulsed-laser deposition (PLD) technique
is one of the growth techniques for high-quality heterostructures and superlattices
deposition [14]. The deposition system is consisted of a laser, sample introduction chamber,
deposition temperature controller, multiple targets controller, and gas pressure controller.
The manufacture of laser is Lambda Physik LPX 305i excimer ( = 248nm, 25 ns/pulse).
The power of laser is tunable from 250mJ to 1000mJ and repetition rate of laser is up to
100 Hz. Control of laser power helps to find a suitable laser ablation energy on each target
material. I added secondary sample introduction chamber for keeping low base pressure (<
10-8 torr) in primary chamber. Adding sample introduction chamber helps to save a time to
pump and vent for each sample loading. PLD system provides the capability to change the
substrate temperature up to 1200 Cº because the deposition temperature range of all
materials is not same to grow single phase crystal. Fabrication of heterostructure or
superlattices needs multiple targets. This system provides six mounts for one-inch diameter
target material or three mounts for two-inch diameter in figure 2.1. This system has a
capability to connect four individual gas lines and each gas line is able to control the flow
rate up to 200 SCCM (standard cubic centimeter per minute).
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Figure 2.1. Diagram of Pulsed Laser Deposition (PLD) system with six targets for
individual material layer growth.
The absorption of laser beam on the target material converts to thermal, chemical
and mechanical energies. Those energies produce evaporation of the target material and
form a plasma on the surface of the target. In order to absorb the laser beam, the ratio
between the laser power and spot area which is expressed in J/cm2 needs to study on each
target material. Pressure of Gas in the chamber should be optimized to grow single crystal
material. The control of the flow of the gas be able to change the intensity of plasma. When
laser power, spot area, and gas pressure are optimized, the plasma known as the plume is
created between the target material and the substrate in figure 2.2.

Yttrium Iron Garnet (a)

Laser
energy
(J/cm2)
2.7

NiZnAl-ferrite (b)

Temperature GasPressure
(Cº)
(mTorr)
825

100

Laser
Repetition
(Hz)
4

1.98

650

300

4

Magnesium Oxide (c)

1.08

650

250

4

Barium Strontium
Titanite (d)

0.9

700

280

4

Table 2.1. Optimized the growth conditions for single crystal materials.
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Figure 2.2. The plumes of YIG(a), NiZnAl-ferrite(b), MgO(c), and BSTO(d). Targets are
mounted on bottom. The plume is directed toward the substrate which is mounted on the
top.

2.2 Sample Characterization
2.2.1 X-ray diffraction
X-ray is useful equipment to analyze micro or Nano-structure of thin layer. There
are techniques (Reflectivity, Rocking Curve, In-plane grazing incidence XRD, High
Resolution XRD using Reciprocal Lattice Map, Bragg-Brentano Powder Diffraction,
12

Coupled scan, and Grazing incidence XRD) to determine a sample using X-ray. X-ray
technique is based on Bragg’s Law Eq (2.1), where m is an integer, λ is wavelength of Xray, d is the spacing between adjacent parallel planes, θ is the angle between the incident
beam and the crystal plane.
mλ = 2d sin θ

Equation (2.1)

High-resolution x-ray diffractogram (coupled  - 2 scan), x-ray reflectivity, incident
angle scan, and High-resolution reciprocal lattice map are used to determine deposited
samples. XRR is used to measure a thickness, interface roughness, density of the topmost
layers for perfect epitaxy, polycrystalline, and amorphous samples. Analysis of
polycrystalline samples is important because polycrystalline materials is middle level
between epitaxy and amorphous levels. Incident angle scan technique provides family of
peaks which are a specific orientated direction of deposited layer. High resolution
diffraction and reciprocal lattice map is used to determine the structure properties such as
film relaxation, mismatch, dislocation, lattice expansion, and lattice constant of in-plane
and out-of-plane. For example, the intensity of the crystallites can be characterized using
coupled  - 2 scan. Higher intensity means the material has more single crystal structures.
In figure 2.3, three samples are same materials which are Yttrium Iron Garnet (YIG) and
deposited by Pulsed Laser Deposition (PLD), but the results show very different. Sample
#1 has lowest crystallites and sample #3 has highest crystallites. It clearly shows X-ray
diffraction coupled  - 2 scan provides quick information about the quality of material by
comparing the intensity of crystallites.
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Figure 2.3. X-ray diffraction of three samples (Yttrium Iron Garnet (YIG)). Each material
that growth with various deposition conditions shows the different intensities of
crystallites in -2 scan, respectively.
2.2.2 Atomic force Microcopy
Atomic force Microscopy (AFM) is one of techniques to demonstrate the surface
roughness. AFM has three abilities such as force measurement, imaging, and manipulation.
I use the imaging technique to demonstrate the surface roughness of the films. AFM has A
cantilever is a piezoelectric element and travelling on a surface. A tip of cantilever keeps a
certain distance between the tip and the surface of material. Once the tip is up and down,
the optical lever finds the difference sensitively and AFM records the difference as 3D map
using different contrast colors. The scale of roughness can characterize up to nano-scale.
Figure 2.4 is the imagining including Root Mean Square (RMS) value for the surface of
YIG. Each YIG films has a different roughness. RMS values are 9.8 nm (left) and 386 pm
(right), respectively and It indicates the sample (right) has smoother surface than the
sample (left).
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Figure 2.4. AFM image for the surface of YIG film. RMS value is 9.8 nm (left) and 0.386
nm (right). The RMS value (0.386 nm) indicates much smoother than 9.8 nm.

2.2.3 Ferro-Magnetic Resonance
Ferro-Magnetic Resonance (FMR) is based on a theorem from Larmor Precession which
is an electron precession motion under central magnetic force. The magnetization dynamic
in an external magnetic field can be described by the Landau-Lifshitz-Gilbert (LLG)
equation (2.2):

𝑑𝑀
𝑑𝑡

= γM × Heff ̶

𝛼
𝑀𝑠

M×

15

𝑑𝑀
𝑑𝑡

Equation (2.2)

hr
M x Heff

Heff

M

Figure 2.5. Diagram of the precession of M in the effective magnetic field Heff. hrf is
tickle field, M × Heff is the torque produced by Heff and M [15].
Where Ms is the saturation magnetization, Heff is the effective magnetic field which is the
external magnetic field, γ is the gyromagnetic field, α is the phenomenological Gilbert
damping coefficient, M is the magnetization vector. By measuring FMR, a magnetic
material is studied dynamical magnetic effects such as electronic structure of single defects,
motion of the spin or of the surroundings, internal magnetic fields sampled by the spin, and
collective spin excitations by the fine structure of the absorption, change in the linewidth,
and the position of the resonance line. I performed two type techniques to measure FMR.
The first is a strip-line (SL) based FMR technique in figure 2.6. Sample is faced on 50 
strip transmission line and fixed Microwave excitation through the transmission line by
swapping the magnetic field [16]. The advantage of SL based FMR is simple to set up, but
the sensitive is lower than FMR based on VNA. The second is Vector Network Analyzer
(VNA)-FMR technique in figure 2.7. Sample is faced on coplanar waveguide (CPW) with
the static magnetic field paralleled along center CPW. The standard microwave S
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parameter is obtained at fixed static magnetic field [17]. This FMR technique using VNA
can obtain the amplitude and the phase of wave propagation. In order to get an accurate
result, it is required a calibration precisely and a subtraction of background or reference
signal.

Figure 2.6. (Left) Schematic diagram of the strip ferromagnetic resonance spectrometer.
(Right) ferromagnetic resonance absorption derivative versus static applied magnetic
field data [18].

Figure 2.7. (Left) Schematic diagram of the vector network analyzer ferromagnetic
resonance spectrometer. (Right) Representative vector network analyzer ferromagnetic
resonance (VNA-FMR) data that shows the normalized permeability parameter versus
broadband frequencies at a fixed applied magnetic field [18].
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2.2.4 Permeability with damping factors
Normally, the losses or damping force are neglected to describe a magnetization
dynamic for simplicity. In reality, however, the magnetic dynamic should consider the
damping force to account for the losses in all ferromagnetic or ferrimagnetic medium. This
damping coefficient is denoted by the linewidth of FMR and described in BlochBloembergen and Landau-Lifshitz [15]. FMR linewidth is depends on anisotropy in a
single crystal structure. In polycrystalline ferrite, random anisotropy in varies random
orientation crystallites contribute to the broaden FMR linewidth indicating the large
damping factor. I simply computed the real (𝑢′ ) and imaginary (𝑢′′ ) part of the permeability
for a ferrite by varies damping factors (α) in figure 2.8.

Figure 2.8. Permeability real (𝑢′ ) and imaginary (𝑢′′ ) part by damping factors (α = 2.8 ×
10-2, 2.8 × 10-3, and 2.8 × 10-4), ωr is resonance frequency.
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CHAPTER 3
Pseudomorphic Yttrium Iron Garnet
3.1 Introduction

Researchers have been demonstrated the demo applications of multiferroic hetero
structure using yttrium iron garnet (YIG) such as bandpass filter which is introduced in
chapter 1. I kickoff for deposition of high-quality magnetic material using Pulsed Laser
Deposition (PLD) and YIG was chosen as the first candidate magnetic material for a
multiferroic composite. In theoretically, the yttrium iron garnet (Y3Fe5O12, YIG) exhibits
the narrowest FMR linewidth comparing other magnetic materials and has been used in
various high-frequency RF/Microwave applications. FMR linewidth is a representative
parameter to evaluate a quality of a magnetic material for high-frequency applications by
analyzing of the ferromagnetic resonance (FMR) spectrum. In this chapter, I report on
nanometer-thick

high

crystalline

YIG

films

exhibiting

compressive

strained

pseudomorphic structural and magnetic properties such as narrow FMR linewidth (Hpp,0
-4

∼ 1 Oe) with damping factor ( α ∼ 10 ).

3.2 Structure Properties of epitaxial YIG films
The surface morphological, in-plane, and out of plane structure properties are
showed in figure 3.1. The result of atomic force microscopy is showed in figure 3.1. In the
surface of the film, this atomic step edges are appeared, and it guarantied smooth surface.
The entire RMS (root mean square) to measure the surface roughness of the YIG film is
computed < 1.6 Å. The result of a high-resolution X-ray diffraction technic (coupled ω-2θ
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scan) for the YIG film and GGG substrate (4 4 4) peaks are showed in figure 3.1(b). the
specific range for the scanning diffraction peaks is scanned from 2θ = 10–110 to capture
the YIG film and GGG substrate in (4 4 4) and (8 8 8) family of peaks. Laue oscillations
around the YIG (4 4 4) peak are revealed in figure 3.1(c) and it indicates the smooth
roughness for over YIG film. A high-resolution reciprocal lattice map (HR-RLM) for the
asymmetric reflection (6 4 2) to investigate both substrate and film are performed in figure
3.1(d). The diffracted intensity of GGG (6 4 2) is located in higher scattering angle (Qz),
while both YIG and GGG peaks are displayed on the same value of Qx. This means that
the compressive strained pseudomorphic YIG layer growth is maintained in-plane lattice
constant of the substrate (12.383 Å). There are no signs of film relaxation in HR-RLM.
The out-of-plane lattice constant of YIG is calculated as 12.515 Å from HR-RLM and the
lattice constant of YIG is compared with the value of 12.376 Å of bulk YIG. The unit cell
volume is estimated 1919 Å3 determining ~ 1.3% larger than the unit cell volume of bulk
YIG of 1896 Å 3. Also, this lattice related to expansion of YIG is studied in an earlier
research of YIG films by PLD [19] due to a small stoichiometry and oxygen variation.
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Figure 3.1. Micro-structural and surface properties from YIG/GGG(111) for 190 nm
thick YIG film. (a) is atomic force microscopy image. (b) is  - 2 (coupling scan). (c) is
 - 2 coupling scan near the YIG film (444) (presence of Laue oscillations). (d) is highresolution reciprocal space lattice map about YIG and GGG film (642)[20].

The pseudomorphic growth of YIG film with no misfit dislocation is confirmed by
a transmission electron microscope (TEM). The YIG/GGG sample was prepared by typical
ion milling with liquid nitrogen cooling and imaged using an aberration corrected Titan
TEM operated at an acceleration voltage of 300 kV. Figure 3.2 shows that TEM image for
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the cross-section interface of YIG/GGG. The arrows in figure 3.2 point out the position of
the boundary line between YIG and GGG, denoting an unexpected interface. It explains
the YIG film and GGG substrate are matched consistently on in-plane lattice by HR-RLM.

Figure 3.2. A [0–11] conventional high-resolution TEM image for the cross-section of
YIG/GGG [20].
3.3 FMR characterization of epitaxial YIG films
The saturation magnetization 4πMs was measured under external magnetic field by
parallel to the YIG/GGG film plane in vibrating sample magnetometry (VSM). The
saturation magnetization is obtained 4πMs = 1600 ± 100 G, averaged over 15 samples with
thicknesses ranging from 18 to 190 nm. The slightly smaller value of 4πMs for YIG films
is compared with the typical 4πMs ≈ 1750 G for bulk YIG due to an off-chemical
composition. The coercivity of the YIG films in-plane is < 1 Oe. The weak in-plane
anisotropy of YIG film is evidenced by obtained the saturation fields ≈ 1–6 Oe in hard axis.
While anisotropy within in-plane is weak, significantly stronger anisotropy is exposed from
out-of-plane. The saturation field from out-of-plane which is identical to the effective
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demagnetizing field 4πMeff is ≈ 2500 G, approximately 800 Oe larger than 4πMs,
explaining the existence of strong negative uniaxial anisotropy in the perpendicular
direction to the film plane. Similar result has been observed from out-of-plane uniaxial
anisotropy in other studies [14][21][22]. The pseudomorphic structure of YIG with the
minimal defect density leads to the coherence resonance in magnetic property and it
becomes narrow FMR linewidths. and the pseudomorphic structure of YIG with tensile
strain from out-of-plane lattice expansion causes large out-of-plane uniaxial anisotropy
[14]. From an electron spin resonance (EPR) system with a TE102 microwave cavity, the
peak-to-peak resonance linewidth Hpp (equivalent with full width half maximum) was
measured at operated frequency f = 9.56 GHz and power P = 1 mW under external magnetic
field along to the film plane in parallel. The peak-to-peak resonance linewidth Hpp for ~
190 nm thick films is obtained as < 2 Oe under applied frequency 9.56 GHz, and Hpp for
~ 20–30 nm thick films obtained as ~ 2–4 Oe under applied same frequency (9.56 GHz).
FMR spectra shows in figure 3.3. Each data in figure 3.3 is fitted using the derivative of a
modified Lorentzian to computate the peak-to-peak linewidth of YIG film. The resonance
field (HFMR) is obtained in the range from 2330 to 2400 Oe at f ≈ 9.5 GHz, which is lower
than typically reported HFMR ≈ 2600 to 2700 Oe for bulk YIG. By using the in-plane Kittel
equation (3.1)
f = γ√𝐻FMR (𝐻FMR + 4πMeff )

Equation (3.1)

4πMeff is estimated as 2460–2670 G with γ set at 2.8 MHz/Oe.
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Figure 3.3. FMR spectra of (a) a 190nm thick YIG film and (b,c,d) 23 nm thick YIG
films, measured at 9.56 GHz X-band ESR system [20].

3.4 FMR analysis with broadband of epitaxial YIG films
Those 4πMeff (effective demagnetizing field or saturation magnetic field from outof-plane), γ (the gyromagnetic ratio of YIG) and α (damping factor) are quantified using a
broadband FMR system under a microwave excitation power of 1mW. Ferro Magnetic
Resonance (FMR) with in-plane magnetic field was measured in the range from 0 to 8k Oe
field at fixed microwave frequencies in figure 3.4(a). Additional FMR with out-of-plane
applied magnetic field were measured with magnetic field H > 8000 Oe to fully magnetize
the YIG film out-of-plane. Figure 3.4 for the 23 nm thick YIG film shows FMR curve in
out-of-plane by fitting the appropriate Kittel equation (3.2)
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f = γ (HFMR − 4πMeff)

Equation (3.2)

γ = 2.83 ± 0.004 MHz/Oe and 4πMeff = 2410 ± 10 G are obtained. From zero frequency
applied, the resonant field (Hpp,0) is obtained as 1.2 ± 0.1 Oe. Using Hpp,0, γ, and Hpp
(linewidth FMR), the damping factor (α) can be calculated as α = (1.8 ± 0.3) × 10−4 from
equation (3.3).
Hpp,0 = Hpp,0 +

2α
√3𝛄

f

Equation (3.3)

Also, other α and Hpp,0 from the out-of-plane FMR data are calculated and shown
in figure 3.4(f). The FMR linewidth (Hpp) and frequency linewidth ( f
measurement from out-of-plane have a relationship with this equation (Hpp =

pp)

f pp
γ

in the
) [23].

From equation (3.2), those α = (2.1 ± 0.4) × 10−4 and Hpp,0 = 1.4 ± 0.2 Oe are calculated
from the out-of-plane data. Both the damping factor (α) for in-plane and out-of-plane
measurements are similar with early reported α = 2.3 × 10−4 and Hpp,0 = 1.4 Oe [24]. In
order to verify the variation for the damping factor and the resonant field at zero frequency,
several samples (~ 20nm, ~190nm thickness YIG films) are characterized in broadband
FMR measurements system and the results from several samples are close to α ≈ 2 – 4 ×
10−4 and Hpp,0 ≈ 1–3 Oe.
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Figure 3.4. (a) FMR spectrum at fixed f = 15 GHz. (b) FMR spectrum with fixed
magnetic field H = 7710 Oe from out-of-plane direction. For 23nm thickness YIG films,
the resonance field (HFMR) versus microwave frequency for in-plane bias field (c) and
out-of-plane bias field (d). Peak-to-peak linewidth Hpp versus frequency f for in-plane
external magnetic field (e) and out-of-plane external magnetic field (f) from 23nm
thickness YIG films [20].
3.5 Discussion and Conclusion

Yttrium Iron Garnet (YIG) is already well-known magnetic material with low
damping factor. Our YIG successfully approaches the lowest damping value at this moment.
However, RF/Microwave devises based on ferrite still suffer from magnetic loss and keep
investing further. YIG may still have a potential to improve the quality with getting lower
damping factor to enhance the conventional RF/Microwave devices.
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CHAPTER 4
Epitaxial NiZnAl-Ferrite
4.1 Compressive strained NiZnAl-ferrite

As I was successful to deposit epitaxial YIG in PLD and demonstrated low loss
magnetic properties. However, I still have a challenge to overcome low magnetostriction
in ferrite/ferroelectric heterostructure. YIG was determined with narrow FMR linewidth,
which is indicated low loss magnetic property, but it shows very restriction of FMR
tunability which means minor magnetostriction constant. Magnetostriction is a constant of
strain which are measured as function of magnetic field. It involves magnetoelastic (ME)
coupling in ferrite/ferroelectric heterostructure. In table 4.1 shows YIG has a limited
magnetostriction constant comparing with other magnetic materials. In order to enhance
FMR tunability contributing ME coupling in heterostructure, discovery of new magnetic
material which large magnetostriction constant is necessary. Poly crystal aluminumsubstituted NiZn-ferrtie with different compositions fabricated by solid-state sintering
process was reported [13]. Strong ME coupling and reasonable FMR shift (43 Oe shift)
was demonstrated in the polycrystal NiZnAl-ferrite on PZT heterostructure [13]. In figure
4.1, the magnetostriction effect is measured in various Al substitution and Polycrystal
Ni0.65Zn0.35Fe2-xAlxO4 /PZT multiferroic heterostructure promises the potential opportunity
for tunable microwave and RF devices. Eventually, I successfully deposited single crystal
Ni0.65Zn0.35Fe1.2Al0.8O4 on MgAl2O4 (100) and determined narrow FMR (damping
parameter < 3 × 10-3) and large magnetostriction (λ = -25 × 10-6) which is 5 times larger
than YIG (λ = -5 × 10-6) [25].
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Figure 4.1. (a) Magnetostriction behaviors of the poly-crystal Ni0.65Zn0.35Fe2-xAlxO4
ferrite samples (x = 0, 0.1, 0.3, 0.4, 0.6, 0.8, and 1). (b) Peak magnetostriction constant
with different aluminum content x in the poly crystal Ni0.65Zn0.35Fe2-xAlxO4 ferrites (x =
0, 0.1, 0.3, 0.4, 0.6, 0.8, and 1) [13].
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Composition

λ100 (1x10-6) λ111 (1x10-6)

λs (1x10-6)

Linewidth

MnFe2O4

-25

5

-7

50

Mn0.98Fe1.86 O4

-35

-1

-15

55

Mn0.6Zn0.1Fe2.1O4

-14

14

3

80

CoFe2O4

-620

160

145

Co0.3Mn0.4Fe2O4

-200

65

40

35MnO.22MgO.43Fe2O3

-35

-11

-20.8

90

YIG

-5

-2

-2.2

0.5

Table 4.1. Magnetostriction constants of ferrites [26][27].

4.2 Structural properties of epitaxial NiZnAl-ferrite on MgAl2O4

Since, NiZnAl-ferrite (Ni0.65Zn0.35Fe1.2Al0.8O4) on MgAl2O4 (100) is successfully
deposited as single crystal structure, the micro-structure properties of epitaxial NiZnAl-ferrite (Ni0.65Zn0.35Fe1.2Al0.8O4) on MgAl2O4 (100) is investigated with X-ray diffraction,
TEM, and AFM. Fig. 2 shows the summary of high-resolution cross-sectional transmission
electron microscopy (HRXTEM) image, the surface AFM image, and results of X-ray
diffraction. In Fig. 2(a), TEM is performed utilizing a FEI-Talos TEM with an accelerating
voltage of 200kV. The TEM image is captured in the region of the film/substrate interface
with no misfit dislocations in Fig. 2(a). Atomic Force Microscopy is used to investigate the
surface of films. Fig.2 (b) shows the absent of dislocation and ground boundaries from
surface image of AFM supporting the film is grown as the high-quality crystal structure.
The RSM value from AFM data is reached to < 2 Å, evidencing extremely smooth surfaces
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of film. High-resolution X-ray diffraction (HRXRD) 2 –  coupling scan is performed
from 10 – 110 and revealed Laue oscillations near NiZnAl-ferrite film. It verifies the
varnish surface of film and agrees with AFM data. From figure 4.2 (c), the average lattice
constant out of plane for epitaxial NiZnAl-ferrite is reached to c = 8.36  0.01 Å. To
calculate the in-plane lattice constant for epitaxial NiZnAl-ferrite, A high-resolution
reciprocal lattice map (HRRLM) has been performed at (1̅ 1̅ 5) with 145 nm thickness
NiZnAl-ferrite film in figure 4.2 (d) the in-plane lattice constant is obtained as (a = 8.08
Å) by comparing the lattice constant of the substrate. From HRRLM, this shows the
evidence of fully strained NiZnAl-ferrite film to the substrate (MgAl2O4) calculating a
tetragonal distortion (c/a = 1.035  0.001). Overall, those micro-structural data from XRD,
AFM, and TEM support that NiZnAl-ferrite has minor defects, grain boundaries, and
dislocation.
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Figure 4.2. Microstructural properties of epitaxial NiZnAl-ferrite. a) A high-resolution
transmission electron microscopy [TEM] image showing the interface of NiZnAl-ferrite/
MgAl2O4 (dashed line). b) The surface image from AFM of an epitaxial NiZnAl-ferrite
film deposited on a MgAl2O4(001) substrate. c) high-resolution XRD 2θ–ω coupling
scans for 15, 57, and 145 nm thickness NiZnAl-ferrite films. d) Reciprocal lattice spacemap of the (1̅ 1̅ 5) asymmetric diffraction for epitaxial NiZnAl-ferrite film and MgAl2O4
substrate [25].
4.3 Ferromagnetic Resonance of NiZnAl-ferrite on MgAl2O4

While external magnetic field applies in-plane films direction, broadband FMR is
extracted. The data is computed and fitted using Kittel equation to calculate parameters
such as peak to peak linewidth (FMR linewidth or Full Width Half Maximum of the
absorption peak) and the resonance field (HFMR which is relevant with Landé g-factor) in
Figure 4.3(a). Figure 4.3 (b,c,d) show the results which is the FMR linewidth (H of
NiZnAl-ferrite film) versus excited frequencies of 15nm, 23nm, 57nm thickness,
respectively. By measuring these three NiZnAl-ferrite films, the FMR linewidths of them
has < 10 mT indicating narrower (lower magnetic loss) than other families of spinel ferrite
films [28][29][30][31] and bulk NiZnAl-ferrite [13]. While epitaxial yttrium iron garnet
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(YIG) films have narrower FMR linewidths with thicker layers early other reported
[32][20][21], the FMR linewidths of NiZnAlferrite films regarding tickiness shows an
opposite trend which is getting narrower FMR linewidth with thin layer less than 100 nm.
Moreover, the FMR linewidth following resonance frequencies increases linearly up to f =
34 GHz, and the H vanished beyond 34 GHz under the external in-plane magnetic field
orientation. From several NiZnAl-ferrite samples with less than 100 nm thickness, the
average of Gilbert damping parameter, , from them is extracted as ~ 2.6  10

−3

through

the equation (4.1) [33][34]

ΔH = ΔH0 +

ℎ
𝑔𝑢0 𝑢𝐵

αf

Equation (4.1)

where g is the Landé g-factor, meaning of an anisotropy energy in weakest external
magnetic field, which is extracted from the frequency dependence of HFMR under absent
external magnetic field and H0 is extracted in FMR linewidth at the zero-frequency
applied. The two factors, which are small H0 indicating homogeneous material [33] and
tiny , affects the result of narrow FMR linewidths (obtained 0H = 0.82 mT at excited f
= 10 GHz in figure 4.3 (a)). The narrow FMR linewidth of epitaxial NiZnAl-ferrite is much
narrower than other Ni ferrite and similar value comparing with early reported for epitaxial
YIG thin films [35][36][32][20][37]. This spinel ferrite (epitaxial NiZnAl-ferrite) with
well-composited cation chemistry has been introduced as the first spinel material
presenting low intrinsic Gilbert damping.
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Figure 4.3. a) FMR spectrum in 23 nm thickness epitaxial NiZnAl-ferrite film at excited f
= 10 GHz. ΔH results versus frequencies from 0 to 34 GHz, for 15 nm (b), 23 nm (c), and
57 nm (d) thickness films under applied external magnetic field in-plane [100] orientation
[25].
4.4 Magneto-elastic anisotropy of NiZnAl-ferrite on MgAl2O4

In magnetic material, a coercivity is one of important factor. Magnetic material can
be distinguished hard or soft material depending the strength of magnetic coercivity. The
magnetic coercivity can be determined by measuring hysteresis loop operated a
superconducting quantum interference device (SQUID). In figure 4.4a, the soft magnetic
hysteresis loops for 23 nm thickness epitaxial NiZnAl-ferrite film under external in-plane
[100] and [110] directions magnetic field. The magnetic easy axis is determined on [110]
direction and the coercive value on easy axis [110] is obtained as ~ 0.2 mT. The coercivity
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of epitaxial NiZnAl-ferrite film is much smaller than other spinel ferrite films reported
[28][31][38]. A conventional spinel families ferrite has not been chosen to apply magnetic
devices due to inhomogeneous magnetization and broad FMR linewidth causing higher
magnetic loss [39]. Since this epitaxial NiZnAl-ferrite film has a low defect and FMR
dynamic under low magnetized, the magnetic properties in epitaxial NiZnAl-ferrite film
allow both small coercivity and ease of magnetic saturation. In figure 4.4b, several samples
−1

are measured by SQUID and obtained as 120  15 kA m for the average of the saturation
magnetization (Ms). The non-systematic change with variation of thickness has an
agreement with bulk reported Ni0.65Zn0.35Al0.8Fe1.2O4 [13]. In addition, both those
hysteresis loops from in-plane and out-of-plane are obtained and the saturation filed of outof-plane is > 1 T which is bigger than expected calculation from magnetic anisotropy in
figure 4.4b. Under a distortion of tetragonal unit cell due to compressed strain, the easy
and hard axis in NiZnAl-ferrite are reoriented on strained films regarding Villari effect.
The magnetic easy axis in NiZnAl-ferrite is switched from [111] to [110] plane in
pseudomorphic films while the hard axis is switched from [100] to [001] plane in figure
4.4c. The strain induced anisotropy in epitaxial NiZnAl-ferrite can be extracted using the
Kittel equation (4.2).

f=

𝑔𝑢𝐵
ℎ

𝑢0 (HFMR – Hcub cos 4 Φ)1/2

× (HFMR – Hcub (

3 + 𝑐𝑜𝑠4 𝛷
4

) + Ms + HME )1/2

Equation (4.2)

Where; HFMR is frequency dependence of resonance field;  is the in-plane magnetization
orientation angle when the external magnetic field applied along [100] direction,  = 0;
Hcub is the in-plane cubic uniaxial anisotropy energy densities; and HME is the out-of-plane
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uniaxial anisotropy energy densities, respectively. Figure 4.4 shows that the FMR measurements is verified as 0Hcub < 10 mT by following in-plane angular all angle (0 to 360)
on [110] orientation (magnetic easy axis) plane, symmetrically. The results from FMR
resonance versus frequency are measured to calculate the magnetoelastic anisotropy,

oHME (0.9  0.15 T) with g (2.29  0.09, Landé g-factor). This magnetoeleastic anisotropy
of epitaxial NiZnAl-ferrite is much larger than YIG (oHME ~ 0.1 T) films early reported
[40]. Moreover, the value of the Landé g-factor of epitaxial NiZnAl-ferrite (g = 2.29  0.09)
is shown bigger value by comparing with other Ni-ferrite which has g ~ 2.0 from reported
(Ni,Zn)Fe2O4 [41].

Figure 4.4. a) comparison of the magnetic hysteresis loops of a 23 nm thick film with
external magnetic field applied along the [100] and [110] orientation. b) comparison of
the magnetic hysteresis loops with in-plane, easy axis [110], and out-of-plane, hard axis
[001], for the 23 nm thickness film. c) a sketch of re-orientation magnetization with
compressive strained tetragonal unit cell via Villari effect. d) FMR resonance field, HFMR,
at 10 GHz along in-plane all angular angles. e) FMR resonance frequencies, HFMR under
external magnetic field (0 to 800 mT) applied for 15nm, 23nm, 57nm, and 145nm
thicknesses [25].
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4.5 Magneto-elastic Coupling in NiZnAl-ferrite on MgAl2O4

A magnetostriction coefficient is important value to estimate the tunability of FMR
resonance under strained films. To obtain the value of magnetostriction coefficient, the
magnetoelastic coefficient needs to be calculate. The magnetoelastic coefficient can be
calculated with the magnetoelastic anisotropy field HME, the out-of-plane strain of zz, and
in-plane biaxial strain bi in equation 4.3. Since this tetragonal structure has no strain from
the transverse direction and only strain vertical direction, the out-of-plane strain of zz and
in-plane biaxial strain of bi have a relationship by the equation zz = - 2(c12/c11) bi, while
the ratio of the elastic constants has an agreement with c12/c11 = 0.6 from a conventional
spinel ferrite [42][43]. Since the tetragonal distortion. From HRXRD and HRRLM (Figure.
4.2), the out-of-plane lattice constant c and in-plane lattice constant a are obtained as c =
8.36 Å and a = 8.08 Å, respectively. Also, the out-of-plane strain and in-plane strain are
arrived as zz = 0.019 and bi = −0.016 using the related c/a = (1 + zz) / (1 + bi). Using all
parameters above described, the magnetoelastic coefficient B1 is obtained by Equation
(4.3):

B1 =

µ0 𝐻𝑀𝐸 𝑀𝑠

Equation (4.3)

2 (𝜀𝑧𝑧 − 𝜀𝑏𝑖 )

6

−3

The magnetoelastic coefficient is obtained at B1 ≈ 2.0  10 J m . This B1 of
epitaxial NiZnAl-ferrite on MgAl2O4 (100) is larger than YIG reported [44]. In addition,
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the magnetostriction coefficient, 100, can be calculated in equation (4.4) with the obtained
magnetoelastic coupling B1 given by:

λ100 = −

2

𝐵1

Equation (4.4)

3 𝐶11 − 𝐶12

In order to obtain 100 with Equation (4.4), the elastic constant c11 can be obtained
using a pump-probe longitudinal acoustic echo measurement [45] in epitaxial NiZnAl-ferrite films. The echoes signal scanned the two materials which are Al/NiZnAl-ferrite and
NiZnAl-ferrite/MgAl2O4 interfaces. From the difference of the time delayed between
Al/NiZnAl-ferrite and NiZnAlferrite/MgAl2O4, the acoustic wave velocity can be obtained
as l = 8.0 nm ps-1 in figure 5.5a. By using the acoustic wave velocity, the elastic constant
(c) can be extracted as c12 = 0.6 c11 = 190 GPa then c11 = 320 GPa. Eventually, the
magnetostriction coefficient 100 can be achieved as −10 ppm for epitaxial NiZnAl-ferrite
film on MgAl2O4 (100) and this magnetostriction -10 ppm value is 10 times larger than
early reported YIG ( 100 = −1 ppm) [46]. In practical measurement of the FMR shift by
external strain, the measurement of FMR shift under tensile strain [2][47] is performed
with a four-point bending system in figure 4.5b. From the four-point bending system,
epitaxial NiZnAl-ferrite film is bended under an external force. The FMR shifts under
tensile strain (0, 132, 264 ppm) are demonstrated and the strain-induce FMR shift is
−1

achieved as 0HFMR/xx ≈ − 0.015 mT ppm . It indicates the epitaxial NiZnAl-ferrite
film has a capability for a strain-mediated magneto-electrics applications. Additionally, the
ratio of 100/Ms (or s/Ms for polycrystal and amorphous materials, where s is the
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maximum saturation magnetostriction coefficient) is used to describe the strain induced
control of magnetism denoting the ability of FMR resonance field under external strain
−1

[47]. Finally, the ratio of |100|/Ms is reached as 0.06 ppm (kA/m) for epitaxial NiZnAl-ferrite thin films on MgAl2O4 (100) and this ratio of |100|/Ms is similar with FeGaB films
early reported [48].

Figure 4.5. a) A longitudinal acoustic echo signal intensity versus time delay on Al (140
nm)/NiZnAl-ferrite (57 nm) and NiZnAl-ferrite/MgAl2O4(substrate). b) Scheme of the
four-point bending system for applying in-plane tensile strain to measure the FMR shift
of NiZnAl-ferrite film on MgAl2O4 (100). c) Shift of S parameter absorption peak at f =
20 GHz in epitaxial NiZnAl-ferrite (50 nm) on MgAl2O4 (100) by the in-plane strain, (εxx
= 0, 132, 264 ppm) applied [25].
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4.6 Tensile strained NiZnAl-ferrite
Unusual epitaxial NiZnAl-Ferrite on MgAl2O4 (100) with low loss and large
magnetostriction observed the magnetic dynamic under tensile strain has been discussed in
previous chapter. Moreover, epitaxial NiZnAl-Ferrite has been successfully grown as
single crystal structure on MgGa2O4 (100) which has a slightly larger unit cell than
MgAl2O4 (100). The perpendicular magnetic anisotropy (PMA) has been observed in the
tensile strained epitaxial NiZnAl-Ferrite on MgGa2O4 (100). For data storage applications
[49][50] and magnetic memory technology with spin-torque [51][52], a thin magnetic film
with perpendicular magnetic anisotropy is an interesting property. Generally, a
conventional spin-torque device has been demonstrated with metallic ferromagnets.
However, recently, spin-orbit torque and inverse spin with the spin-Hall effect under ferrimagnetic materials (insulators) has been studied [53][54][55][56]. For example, the
perpendicular magnetic anisotropy has been observed in barium hexaferrite (BaFe12O19)
[57] and thulium iron garnet (Tm3Fe5O12) [58]. Recently, those magnetic insulators with
spin-orbital torque-assisted switching have been proved to manipulate the magnetic
properties such as coercivity and remanence [56]. One potential benefit of epitaxial
NiZnAl-Ferrite films is that the requirement of external magnetic field to excite spin
current induced spin-orbit torque is much less than YIG demonstrated in the previous
chapter. Although yttrium iron garnet (Y3Fe5O12) has a low damping factor [20][59] which
is suitable materials for spin-orbit-torque devices, YIG has a lack of perpendicular
magnetic anisotropy while Tm3Fe5O12 has a perpendicular magnetic anisotropy [60][61],
but larger FMR linewidths (~10 mT at 10 GHz). Thus, tensile strain epitaxial NiZnAlFerrite on MgGa2O4 (100) with a coexistence of low damping and perpendicular magnetic
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anisotropy is attractive magnetic material to develop the potential tunable spintronic
devices.
4.7 Structure properties NiZnAl-Ferrite on MgGa2O4
The crystalline of the compressive NiZnAl-ferrite and tensile NiZnAl-ferrite are
compared by high resolution x-ray diffractometry. Four samples (two thinner and two
thicker of NiZnAl-ferrite) are prepared for the -2 scans in figure 4.6(a). The x-ray
diffraction shows Laue oscillations around the ferrite peak indicating coherently scattering
film thickness and smooth surface. From high-resolution x-ray diffractometry, the in-plane
lattice constant is addressed as 8.242 Å which is similar as MgGa2O4 (8.28 Å) and slightly
larger than compressive NiZnAl-ferrite (8.083 Å). In vertical lattice constant, compressive
NiZnAl-ferrite on MgAl2O4 is bigger (8.395 Å for 27 nm and 8.373 Å for 84 nm thickness)
than tensile NiZnAl-ferrite on MgGa2O4 (8.395 Å for 19 nm and 8.373 Å for 114 nm
thinness), respectively. It is demonstrated NiZnAl-ferrite on MgAl2O4 is pseudomorphic
growth in high resolution x-ray diffraction due to in-plane lattice match with MgGa2O4
substrate in figure 4.6(b).
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Figure 4.6. (a)  - 2 scan for NiZnAl-ferrite on MgAl2O4 and MgGa2O4 films in the
(004) plane. (b) high resolution reciprocal space map of the (1 1 5) asymmetric
diffraction for the 84nm thinness film on MgAl2O4 (b1) and the 114nm film on MgGa2O4
(b2), respectively [62].
4.8 Static magnetization properties NiZnAl-Ferrite on MgGa2O4
NiZnAl-ferrite on MgAl2O4 (27nm and 84 nm thickness) and NiZnAl-ferrite on MgGa2O4
are measured in superconducting quantum interference device (SQUID) for hysteresis loop.
All NiZnAl-ferrite films are saturated by the field > 1 Tesla (T). The magnitude of effective
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in-plane uniaxial anisotropy energy density, |Ku,eff|, obtained 2.3  105 J/m3 for the 84-nm
thick NiZnAl-ferrite film on MgAl2O4 and 1.7  105 J/m3 for the 27-nm thick NiZnAlferrite film on MgGa2O4 by computing the difference in M-H in Figure. 2(a) and 2(b).
These results indicate the origin of the anisotropy energy related to strain magneto-elastic
interaction. A different M(H) response shown between NiZnAl-ferrite on MgAl2O4 and
NiZnAl-ferrite on MgGa2O4 is significantly impressive. The hard hysteresis loop behavior
on perpendicular external field in compressive strained NiZnAl-ferrite on MgAl2O4
switches to the easy hysteresis loop behavior on perpendicular external field in tensile
strained NiZnAl-ferrite on MgGa2O4 in Figure 4.7. The transition of hysteresis behavior
between easy and hard axis is observed in the thin (27nm and 19nm) in figure 4.7 (a, c),
and the thick (84nm and 114nm) in figure 4.7 (b, d).
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Figure 4.7. Static magnetization (M) versus (H) is measured at room temperature (300K)
in a SQUID magnetometer. (a) shows easy and hard hysteresis behavior on in-plane (110)
and out of plane for 27nm NiZnAl-ferrite on MgAl2O4 and (b) shows for 84nm,
respectively. (c) shows hard and easy hysteresis behavior on in-plane (100) and out of
plane for 19 nm NiZnAl-ferrite on MgGa2O4 and (d) shows for 114nm [62].
4.9 FMR spectrum in out-of-plane and in-plane
In order to investigate further the magnetic anisotropy, ferromagnetic resonance
(FMR) with broadband frequencies is measured for the tensile strained NiZnAl-ferrite
(19nm and 114nm thick) on MgGa2O4 in-plane and out of plane, respectively. In figure.
4.8, FMR spectrum is obtained at 𝑓 = 15 GHz and fit with the derivative of the symmetric
and antisymmetric Lorentzians. Under external field in-plane and out of plane, 𝐻𝑓𝑚𝑟
(resonance field) and ∆𝐻 (Full-Width-Half-Maximum) are extracted at 𝑓 = 15 GHz and
power P = 1mW. Figure 4.8 (a), (c), (d) are shown the uniform FMR mode and fit with a
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single mode of Lorentzian derivative. However, the out-of-plane FMR spectrum in 114nm
thick film shows multiple mode indicating n = odd at excitation frequencies in figure 4.8(b).

Figure 4.8. Measured FMR spectrum under out-of-plane field and in-plane field at f = 15
GHz. (a) and (b) are measured under out-of-plane field for 19nm and 114nm thick,
respectively. (c) and (d) are measured under in-plane field [62].

4.10 Frequency dependence of FMR resonance field with out-of-plane and in-plane
In order to quantify the damping factor α, Landé g-factor and effective anisotropy
fields are obtained by fitting the appropriate Kittel equation with the frequency dependence
of HFMR [63]. The equation (4.5) is

f=

1
ℎ

gop (Hfmr ̶ Meff) 𝑢𝐵 𝑢0

Equation (4.5)
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where gop is the out-of-plane g-factor, 0Ms is the demagnetizing field ( 0.13 T), 0Meff =

0 (Ms - Hpma) is the total uniaxial out-of-plane anisotropy field, and 0Hpma is the
perpendicular anisotropy field. According to |Ku,eff | = 0 |Meff| Ms/2, The magnetic
anisotropy energy density |Ku,eff | out-of-plane is obtained  1.2  104 J/m3 in the 19 nm
thick film and  1.4  104 J/m3 in the 114 nm thick film by fits the equation (4.5) in figure
4.9. According to the linear elastic response assumption, an in-plane biaxial strain and an
out-of-plane uniaxial strain are obtained bi = 0.005 and zz = - 0.007, respectively. The
magnetoelastic coefficient B1 is quantified as 1.5  106 J/m3 from an equation B1 =

0HMEMs/(2(zz - bi)) assuming the magneto-elastic anisotropy field HME is equivalent to
perpendicular magnetic anisotropy HPMA. The Kittel equation (4.6) of the in-plane FMR is

f=

𝑔𝑖𝑝 𝑢𝐵
ℎ

µo (Hfmr + H4,ip cos 4Φ)1/2

× (𝐻𝑓𝑚𝑟 + 𝑀𝑒𝑓𝑓 +

1
4

𝐻4,𝑖𝑝 (3 + cos 4𝛷))1/2

Equation (4.6)

where H4,ip is the in-plane cubic anisotropy field, gip is the in-plane g-factor, and  is the
in-plane angle for the magnetization along to the [100] orientation axis. Since the
perpendicular anisotropy energy of tetragonal distortion is stronger than the in-plane
anisotropy energy, the g-factor is arrived to ~2.14 ± 0.03 in-plane and out-of-plane field
with 0|Hpma| is >200mT and 0|H4,ip| is < 10 mT in figure 4.9.
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Figure 4.9 FMR resonance behavior in-plane, (c) for 19 nm thick, (d) for 114 nm thick,
and out of plane, (a) for 19 nm thick, (b) 114 nm thick versus frequency dependence in
tensile strained NiZnAl-ferrite films on MgGa2O4 [62].
4.11 Frequency dependence of FMR linewidth with out-of-plane and in-plane
FMR linewidth (H0) at zero-frequency applied can be obtained in figure 4.10
while FMR linewidth (ΔH) versus frequencies ( f ) is measured in previous chapter.
Eventually, The Gilbert damping parameter, , can be quantified using the equation (4.7).

ΔH = ΔHo +

ℎ
𝑔𝑢𝑜 𝑢𝐵

αf

Equation (4.7)

Where g is the result from previous section, H0 is the zero-frequency linewidth, 𝑢𝑜 is the
permeability of free space, 𝑢𝐵 is the Bohr magneton, and h is the Planck constant. The
Gilbert damping is arrived the average  ~ 4.3 ± 0.5  10-3 (19 nm thick) and ~ 3.5 ± 0.5 
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10-3 (114 nm thick) in out-of-plane and in-plane fields, respectively. These damping
parameter with perpendicular anisotropy is achieved as a value which is possible for
spintronic memory and logic devices.

Figure 4.10. FMR linewidth, ∆𝐻, versus frequencies. (a) is 19 nm thick film applied outof-plane field. (b) is 114 nm thick film applied out-of-plane field. (c) is 19 nm thick film
applied in-plane field. (d) is 114 nm thick film applied in-plane field [62].

4.12 Discussion and Conclusion
Epitaxial NiZnAl-ferrite thin film has been demonstrated with low damping factor,
large magnetostriction, and perpendicular anisotropy. However, the substrate has a
limitation (only MgAl2O4 and MgGa2O4). If NiZnAl-ferrite deposits on other single
crystalline substrate enabling to change the intrinsic anisotropy, this may fabricate a highquality ferrite with variety properties for other studies and experiments.
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Chapter 5
Applications of high quality NiZnAl-ferrite and YIG
5.1 Spintronic device
High quality magnetic materials can be useful in other applications. Spintronic
device is one of applications to maniple the magnetization dynamic using high quality
magnetic material. Low damping magnetic material is an ideal source to observe spin hall
effect (figure 5.1) in metal layer deposited on magnetic material due to efficient excitation
of magnetization dynamic [64][65]. Since I successfully grow the high quality single
crystalline YIG and NiZnAl-ferrite with the low damping parameter, those ferrites are
demonstrated inverse spin hall effect using the interference of metal layer. I introduce a
short brief for the result of inverse spin hall effect in our low damping ferrites (YIG and
NiZnAl-ferrite).

Figure 5.1. The scheme of Spin hall effect.
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5.2 Inverse spin-Hall effect
In order to observe the inverse spin hall effect, the transmission of excited spin
current from a ferrite with low damping to heavy metal layer is decisive. YIG is a promising
candidate magnetic material because of extremely low damping. The low damping in YIG
allows for spin wave excitation efficient to generate the spin current [66][67]. The YIG
films is exposed in air and moved to sputtering system to deposit the heavy metal (Pt).
FMR excitation in YIG layer generates the spin current enabling a charge accumulation
into Pt layer. Voltage Inverse Spin Hall corresponding with FMR is successfully detected
in YIG/Pt in figure 5.2 (left). In addition, most spinel ferrites are impropriated material to
generate the spin current due to a large damping factor. However, since our NiZnAl-ferrite
has the low damping factor compared to other spinel ferrites, the efficiency of spin
pumping is measured through inverse spin hall effect. In contrast to YIG/Pt, the Pt layer is
fabricated in-situ deposition using Pulsed Laser Deposition (PLD) on NiZnAl-ferrite to
enhance the conversion of spin current from NiZnAl-ferrite layer into Pt layer. Even though
the damping factor of NiZnAl-ferrite is slightly larger than YIG, the voltage inverse spin
hall of NiZnAl-ferrite/Pt is comparable to previous study of YIG/Pt in figure 5.2 (right).
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Figure 5.2. Voltage spectra for Inverse spin-Hall in YIG/Pt (left) and NiZnAl-ferrite/Pt
(right) [68].

5.3 Non-reciprocity with ultra-thin YIG film
Non-reciprocal devices play a pivotal role in communication systems, from
protecting coherent source generators from reflected signal, to cancelling cross talk
between transmit and receive signal paths in antenna feeding network. It is so-called oneway transmission system which is able to propagate a wave in only one direction, but it
disappears in opposite direction, where, S12 = 𝑏1⁄𝑎2 , S21 = 𝑏2⁄𝑎1 , S12 ≠ S21 in figure
5.3.

Figure 5.3. basic two port network for S parameter.
Standing wave radiation (SWR) has been observed on surface of ferrite material in
1984. It is an evidence that the magnetostatic wave (MSW) propagates on the surface of
ferrite material. Nowadays, MSSW has recently been applied in spin wave logic gates in a
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magnetic insulator [69][70][71][72]. This may allow to show signal processing and
communication systems based on spin wave interconversion [73]. Radio frequency (RF)
and microwave has significant losses on ferromagnetic materials due to electrical
conductivity and high magnetic damping [74][75][76][77][78][79]. Ferrimagnetic material
has a low loss than ferromagnetic material. Especially, Yttrium iron garnet (YIG) shows
two order lower of Ferromagnetic Resonance Linewidth (FMR) than other ferromagnetic
materials [80][81][82][83][84][85]. For example, single crystalline YIG excites a large
series of short-wavelength spin waves (560nm). It estimates a decay length is 580um [86],
and reports  = 1.8  10-4 [19]. Non-reciprocal MSSW propagation in thin YIG films with
100nm thickness has been studied [87][88][89] and observed in YIG with 500nm thickness
[88]. A few works studied non-reciprocal spin wave on various ferromagnetic materials
with metallic layers [90][91]. In this chapter, I demonstrate the non-reciprocity MSSW by
modeling and calculation. The results of experiment in ultra-thin YIG films (20nm
thickness) is verified the difference of the magnitude and phase shift by measuring S12 and
S21.
5.4 Modelling and Calculation of Magnetostatic surface waves
Magnetostatic surface spin wave (MSSWs) is traveling on the top or bottom surface of the
magnetic layer, depending on the direction of external magnetic field and propagation. The
wavelength of spin wave is shorter than electromagnetic wave at the same frequency.
Magnetostatics spin waves are excited and propagate in a thin magnetic layer in three
distinct cases such as Forward volume magnetostatic spin waves (FVMS), backward
volume magnetostatic spin waves (BVMS), and magnetostatic surface spin waves
(MSSW). Magnetostatic surface spin waves (MSSWs) have the highest spin wave
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excitation efficiency comparing other cases [92][93]. Also, the presence of the metallic
layer leads to the different values of propagation constant for a given frequency [94]. In
order to verify the phenomenon of magnetostatic surface wave in ferrite, a modelling and
calculation are discussed and verified with the result of experiments.

Figure 5.4. Schematic structure with coordinate system orientation. +X direction is the
surface wave propagation direction. Static magnetic field is applied along −Z direction.
⃗ = 0,  𝐵
⃗ = 0 and 𝐻
⃗ =  , ( is magnetic
In a magnetostatic approximation,  𝐻
potential). The derivation equations for the tensor of permeability are described Eq (5.1).
𝑢
  𝑜 (−𝑗𝑎
0
Where, 𝑢 = 1 +

𝜔𝑜 𝜔𝑀
2 −𝜔2
𝜔𝑂

𝑗 𝑎
𝑢
0

, 𝑢𝑎 = −

0
𝐻𝑥
0) (𝐻𝑦 ) = 0
𝐻𝑧
1

𝜔 𝜔𝑀
2 −𝜔2
𝜔𝑂

, 𝜔𝑜 = 𝛾 𝐻𝑜 , 𝜔𝑀 = 𝛾
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Eq (5.1)

𝑀𝑜
𝑢𝑜

For most ferrite materials, 𝛾/𝑢𝑜 is 1.76 × 1011 𝑟𝑎𝑑/𝑠, 𝐻𝑜 is a saturation static magnetic
⃗ ) = 0 can be modified and it becomes
field, and 𝑀𝑜 is a saturation magnetization.  (u𝐻
𝜕2

𝜕2

𝜕2 

⃗ ) = 𝑢𝑜 𝑢 2 + 𝑢𝑜 𝑢 2 + 𝑢𝑜 2 = 0, (Walker’s equation, u is
Walker’s equation.  (u𝐻
𝜕𝑥
𝜕𝑦
𝜕𝑧
relative permeability)
𝜕2

𝜕2

u 𝜕𝑥 2 + u 𝜕𝑦 2 +

𝜕2 
𝜕𝑧 2

=0

Eq (5.2)

From Walker’s equations, three surface wave propagations are obtained in each medium
and modified for transverse propagation with the magnetization ( = 𝜋/2)

1 = D exp (-ky) exp (-jkx)

(d  y)

Eq (5.3)

2 = [A exp (ky) + B exp (-ky)] exp (-jkx)

(0  y  d)

Eq (5.4)

3 = C [ exp (ky) + exp (-k(y+2t))] exp (-jkx)

(-t  y  0)

Eq (5.5)

Figure 5.5. The relation of wavenumber (k), (kz), and (kx)

53

𝑘

where tan = 𝑘𝑥 , and 𝑘 2 = 𝑘𝑥2 + 𝑘𝑧2 , 𝜉 can be rewritten. At  = 𝜋/2, kx = ksin = k, kz =
𝑧

kcos = 0, and 𝜉= √𝑘 2 𝑠𝑖𝑛2  +

1
𝑢

𝑘 2 𝑐𝑜𝑠 = 𝑘√𝑠𝑖𝑛2  +

1
𝑢

𝑐𝑜𝑠 2  = 𝑘. In order to get a

dispersion relation, three equations in each medium can be applied under two boundary
conditions at Y = d and Y = 0.

Figure 5.6. The boundary conditions on the top and bottom surface of YIG layer.
In a boundary condition between #1 and #2 medium at Y = d, the relation of A, B, and D
is obtained.
𝑢𝑎 (𝐴 exp(𝑘𝑑) + 𝐵 exp(−𝑘𝑑)) - 𝑢(𝐴 exp(𝑘𝑑) − 𝐵 exp(−𝑘𝑑)) = 𝐷 exp(−𝑘𝑑) Eq (5.6)
𝐴 exp(𝑘𝑦) + 𝐵 exp(−𝑘𝑦) = 𝐷 exp(−𝑘𝑦)

Eq (5.7)

In a boundary condition between #2 and #3 medium at Y = 0, also the relation of A, B, and
C is obtained.
−𝑢𝑎 (𝐴 + 𝐵) + 𝑢(𝐴 − 𝐵) = 𝐶 (1 − exp (−2𝑘𝑡))

Eq (5.8)

A + B = C [1 + exp (−2𝑘𝑡)]

Eq (5.9)

The relations with A, B, C, and D is arrived combining the five equations (Eq 5.6, Eq 5.7,
Eq 5.8, and Eq 5.9) and the dispersion relation is arrived below (Eq 5.13).
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𝐵
𝐴

=

{𝑢 − 𝑢𝑎 −

1− exp (−2𝑘𝑡)
1+ exp (−2𝑘𝑡)

}
⁄
{𝑢 + 𝑢𝑎 +

1− exp (−2𝑘𝑡) Eq (5.10)
1+ exp (−2𝑘𝑡)

}

and
𝐵
𝐴
𝐵

{𝑢𝑎 𝑒𝑥𝑝(𝑘𝑑)−𝑢𝑒𝑥𝑝(𝑘𝑑)−𝑒𝑥𝑝(𝑘𝑑)}

=

{−𝑢𝑎 𝑒𝑥𝑝(−𝑘𝑑)−𝑢𝑒𝑥𝑝(−𝑘𝑑)+𝑒𝑥𝑝(−𝑘𝑑)}

Eq (5.11)

𝐵

In simplify 𝐴 = 𝐴, then dispersion relation is obtained.

𝑒 2𝑘𝑑 =

(𝑢−𝑢𝑎 −(1−𝑒𝑥𝑝(−2𝑘𝑡))⁄1+𝑒𝑥𝑝(−2𝑘𝑡)))(1−𝑢𝑎 −𝑢)
((𝑢+𝑢𝑎 −(1−𝑒𝑥𝑝(−2𝑘𝑡))⁄1+𝑒𝑥𝑝(−2𝑘𝑡))))(−1−𝑢𝑎 −𝑢)

tanh(𝑘𝑑 ) =

2𝑢
2 −𝑢2 −1)+[(𝑢 −1)2 −𝑢2 ]𝑒 −2𝑘𝑡
(𝑢𝑎
𝑎

Eq (5.12)

Eq (5.13)

In this dispersion relation (Eq 5.13), tanh(𝑘𝑑), describes that the wavenumber (𝑘) is
changed by − 𝑢𝑎 𝑎𝑛𝑑 𝑢𝑎 . It means the direction of magnetization affects the change of the
wavenumber. The result of frequency versus propagation constant for − 𝑢𝑎 𝑎𝑛𝑑 𝑢𝑎 is
shown in figure 5.7.
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Figure 5.7. A propagation constant versus frequencies with − 𝑢𝑎 𝑎𝑛𝑑 𝑢𝑎 , respectively.
In addition, Magnetostatic surface wave affects the change of the magnitude between two
wave propagations along +X direction and -X direction. I verify non-reciprocity by
comparing the magnitude of the propagations between top surface wave (+, +X
travelling direction) and bottom surface wave (-, -X travelling direction) in the ferrite.
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Figure 5.8 forward and reverse wave propagations in the top and bottom surface of
ferrite.
𝐴

Two wave propagations are rewritten +2= 𝐵+ [ 𝐵+ exp (ky) + exp (-ky)] exp (-jkx),
+

𝐴

−2= 𝐵− [ 𝐵− exp (ky) + exp (-ky)] exp (jkx). If
−

𝐴−
𝐵−



𝐴+
𝐵+

is demonstrated, it is verified that

the magnitudes of +2 and −2 are different. In previous Eq 5.5, I obtained 2 = +2 and
it leads A+ = A and B+ = B due to same propagation direction (+X travelling direction).

−2= [A- exp (ky) + B- exp (-ky)] exp (jkx) is wave propagation along -X direction. By
applied the boundary condition at Y = 0, the relation of 𝐴− and 𝐵− is obtained.

𝐴− (𝑢 + 𝑢𝑎 −

1−𝑒𝑥𝑝(−2𝑘𝑡)

1−𝑒𝑥𝑝(−2𝑘𝑡)

) = 𝐵− (𝑢 − 𝑢𝑎 + 1+𝑒𝑥𝑝(−2𝑘𝑡))
1+𝑒𝑥𝑝(−2𝑘𝑡)

Eq (5.14)

From the above relation between A and B,

𝐴 (𝑢 − 𝑢𝑎 −

1− exp (−2𝑘𝑡)

) = 𝐵 (𝑢 + 𝑢𝑎 +
1+ exp (−2𝑘𝑡)
𝐴

𝐴

I obtain the ratio of 𝐵− and the ratio of 𝐵+ =
−

+

𝐴−
𝐵−

=

𝐴

at t = 0.
𝐵

𝑢−𝑢𝑎

𝐴−
𝐵−

1− exp (−2𝑘𝑡)
1+ exp (−2𝑘𝑡)
𝐴

and 𝐵+ are described as

Eq (5.16)

𝑢+𝑢𝑎
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)Eq (5.15)

+

And
𝐴
𝐵
𝐴

Since 𝐵− 
−

𝐴+
𝐵+

=

𝐴+
𝐵+

=

𝑢+𝑢𝑎
𝑢−𝑢𝑎

Eq (5.17)

, I confirm the magnitudes of +2 and −2 are different.

5.5 Design of Coupled Coplanar Waveguide (CCPW)
Since I show the non-reciprocity with the modeling and calculation, the results of
experiments need to verify for non-reciprocity, too. The YIG film has excellent high quality
to generate magneto-static surface wave (MSSW). I design coupled coplanar waveguide
(CCPW) on the surface of YIG to demonstrate non-reciprocal phenomenon by propagating
and analyzing microwave signals. Two CCPW were fabricated on YIG using typical liftoff
procedures in a thermally evaporated metal stack of Cr (100 Å)/Au (2000Å). Two #A1 and
#A2 designed CCPW structures (table 5.1) were fabricated with identical planar
configuration. #A1 was fabrication on 20 nm thickness of YIG and #A2 was on 190 nm
thickness of YIG in figure 5.9. Two port scattering parameters of those CCPW were
measured using Vector Network Analyzer (VNA) to verify the non-reciprocity.

Table 5.1. Spec of Coupled Coplanar Waveguide [95].
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Figure 5.9. (a) is top view for CCPW circuit. (b) is cross-sectional diagram of the CCPW
on YIG/GGG. The external magnetic field is into the z-axis [95].
5.6 Non-reciprocity on thin YIG film
The scattering parameters of #A1 circuit are measured by applying an external
magnetic field of 30 mT along the z-axis and the results are shown in figure 5.10. The
CCPW consists of two port coplanar waveguides (CPWs) including shared common
ground to minimize device scale. When RF signals delivered to CCPW with external
magnetic field, MSSWs were travelling on the top and bottom surfaces of the YIG film
and the intensity of MSSWs is exponentially attenuated from the surface into the YIG film
inside. The MSSW propagates along the + x direction excited and received from the left
CPW to the right CPW was characterized as the scattering parameters S21. The MSSW
propagated in opposite direction (- x direction) was characterized as S12. Those extracted
S21 and S12 parameter were compared in magnitude and phase in figure 5.10, respectively.
Both magnitude and phase between S21 and S12 were observed a distinction indicating the
non-reciprocal propagation of the MSSWs between forward (+ x) and backward (- x)
directions. It agrees that the modeling in magnetostatic approximation and the results of
⃗ × 𝑛⃗
the experiment arrive the same answer. Since MSSW can only be travelled along 𝐻
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direction [96], where 𝑛⃗ is along the surface perpendicular direction, only MSSW of S21
was excited at the top surface of the YIG film while only S12 MSSW was propagated at
its bottom surface. The magnitude of S12 is attenuated than S21 since S12 propagates the
bottom surface and the medium of YIG. The longer propagation leads to the decay of S12.
In addition, the wavenumber of S21 has a delayed due to the metal layer (CCPW). The
phase delayed leads to phase difference between S21 and S12 [96]. Ferromagnetic
resonance frequency (FMR) and the resonance frequency of the non-reciprocity are
observed in the neighboring range (1.2 GHz) which shows the difference of magnitude and
phase delay between S21 and S12 are arrived the highest in figure 5.10 [97]. The shared
common ground of the circuit has a function as metal layer effect near ferrite medium
affecting the change of wavenumber between S21 and S12 [98]. The phenomenon of
wavenumber change has been demonstrated by detecting the phase shift between S21 and
S12 in figure 5.10. The interference between spin wave on the surface of YIG film and
input RF wave propagation creates a constructive and destructive wave propagation leading
to the difference of magnitude and phase delay [99]. In the dispersion relation with
⃗ |) in the ferrite has a variation
magnetostatic approximation [90][100], the wave number (|𝑘
indicating a smaller phase delay (−k · (2S1 + W2)) in S21 than S12 near metal layer. The
results of MSSW has been reached to 0.6 ~ 0.8 dB/100μm indicating the distance of
propagation travelling is over 140 μm between 1.0 GHz and 2.0 GHz, respectively. This
antennation, which is similar to single crystalline YIG [101], of the magnitude between
S21 and S12 is significantly lower than ∼6 dB/100μm in NiFe film [90].
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Figure 5.10. (a) is the magnitude versus frequencies of S12 and S21 for #A1 device
(20nm thick YIG film). (b) is phase angle versus frequencies of S12 and S21 under
external magnetic field H=30 mT (20nm thick YIG film) [95].
5.7 Resonance of Magneto-Static Surface Wave
In figure 5.11, the first curved point denotes the lowest MSSW resonant mode, f1st,
in magnitude versus frequencies [77]. The MSSW’s resonant frequencies fMSSW =
γ√𝐻0 (𝐻0 + 𝑀s) + 𝑀𝑠2 (1 − 𝑒 −2𝑘·𝑡𝑌𝐼𝐺 )/4/2π can be modified to fMSSW = γ√𝐻0 (𝐻0 + 𝑀s)
/2π when the thickness of magnetic film reaches to ultra-thin [99][102]. In figure 5.11, the
first resonant mode (f1st) increases in higher external magnetic field. This behavior agrees
with fMSSW = γ√𝐻0 (𝐻0 + 𝑀s). Under external 30 mT, the f1st between the S21 and S12 is
shifted near f = 0.018 GHz in 20 nm thick YIG film (#A1 device), and f = 0.034 GHz for
190 nm thick YIG film (#A2 device), respectively. The shift of f1st indicates that the
resonances peak was contributed from MSSWs while the FMR (k = 0) frequency is
independent on the S12 and S21.
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Figure 5.11. The resonant frequencies for MSSWs versus the applied varied external
magnetic fields (0, 10, 30, and 50 mT) [95].
5.8 Non reciprocity with various external magnetic field
In experiment, non-reciprocal effect was extracted by the equation (20 log10
|S21/S12| ) for the magnitude of S21 and S12 while the equation (θS21 − θS12) is used for
phase difference between S21 and S12, where θ is the phase angle of S parameter in figure
5.12. The ratio of S parameters indicating the difference of the magnitude and phase shift
were characterized in various external magnetic fields including the absence of magnetic
field. In applying zero external magnetic field, non-reciprocity still exists in the devices
with ∼0.17dB for the magnitude difference at f = 0.41 GHz and phase difference ∼0.83°
at f = 0.36 GHz, respectively. Furthermore, when the external magnetic field is paralleled
along the anisotropy easy axis, the non-reciprocity point is shifted to higher FMR
frequencies range for the difference of the magnitude and phase. Under 30 mT magnetic
field, the highest non-reciprocity was observed along the easy axis. The difference of the
magnitude between S21 and S12 reaches to 0.19 dB at 1.33 GHz and the phase difference
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is obtained ∼1.08° at 1.10 GHz, respectively. Under reverse magnetic applied, the results
of magnitude ratio and phase change is obtained as similarity with opposite sign. Since I
verified the non-reciprocity on 20 nm thin YIG film, I performed the 190 nm thick YIG
film to observe the non-reciprocal effect. In 190 nm thickness of YIG film (#A2 device),
non-reciprocity is significantly amplified in figure 5.13. The highest non-reciprocal effect
is observed under 30 mT magnetic field along anisotropy easy axis. This is same as 20 nm
thick YIG. In 190 nm thick YIG film, the difference of the magnitude between S21 and
S12 is approached 10.0 dB which is ten times higher than the result of 20 nm YIG while
the phase change is −55.5° compared to 1° for 20 nm thick YIG. The non-reciprocity in
zero external magnetic field is enhanced to ~2 dB from ~0.18 dB (20 nm thick YIG) in the
190 nm thick YIG film.

Figure 5.12. The magnitude difference between S21 and S12 (a) and the difference of
phase angle (b) between S21 and S12 under a variety of external magnetic fields in 20 nm
thick YIG film [95].
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Figure 5.13. The magnitude difference between S21 and S12 (a) and the difference of
phase angle (b) between S21 and S12 under a variety of external magnetic fields in 190
nm thick YIG film [95].

5.9 Discussion and Conclusion
Non-reciprocity is verified in both the modeling using Demon-Eshbach (DE)
approximation [103] and the experiments. Especially, the presence of the non-reciprocity
in ultra-thin (20 nm) YIG film is observed and this indicates the MSSW phenomenon may
embed in integrated compact signal processing and communication system. Furthermore,
the non-reciprocity in zero external field will further research for self-bias non-reciprocity.
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